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ABSTRACT
Interferometric measurements of the reorientational relaxation time T
ot the nitrate anion in concentrated aqueous calcium nitrate and zinc nitrate
solutions have been made as a function of temperature and composition.
Arrhenius plots of 1 for Ca(NOs)j-X HEO,wherc X =4, 5, and 5.6 and Zn(NOz)J'
S 1,0 are linecar and yield activation enerpies in the range of 5.6 to 8.3

keal/mole.  The data for Ca(NO 3.91 H_ O, which cover the most extensive

3)2" 2
ringe of viscosity and temperature, were non-Arrhenius and were best fitted
by the Vogel-Tamman-Fulcher cquation from which an ideal glass transition
tenperature was derived.  The viscosity dependence of 1 for both the
Uu(NOK)g and Zn(NO3'l2 solutions was found to be betwcen that predicted by
1l dassical Stokes-Einstein equation and that predicted using slip hydro-
dynamic boundary conditions. Nitrate rotation was found to be slower in
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Foo INTRODHCTTON

ju this paper we report on deploariced Rayieigh  light scattering studies
ot concentratoed UH(NUA)Z and Zn(NOS)2 solutions.  These studies were under-
taken in oreder fo eain further insivht into the structure and dynmics of
these branids.  Inoan carlier paper, dealing with these same liquids as well

concent rated aqueous ZnCl, solutions, we outlined the information which
conld be derived from ultrasonic and hvpersonic absorption coefficient
measarements - the latter being devived From the polarized Fight scattering
spectrum (1),

We are placing emphasis upon this class of liquids because they aftford a
hridpee between dilute aqucous solutions on one end of the scale and molten
cabt on the other end.  In fact, there is some question as to whether unique
<toichjometries such as (‘,u(N()S)z'-l ”20’ r\1g(N03)2-h ”20’ etc. can be con-
ardered as fused salt analogs (2). A number of these liquids can be rather
vasity supercooled, and thus they are convenient media for studying the
metastable vegion of the liquid state. A favorite awong investigators has

B O NO ) -3 10 which has a melting point of 42.7°C and can be readily

»

aucrcooled.  In fact, CH(N03)3'4 Hgﬂ has now been cxplored by the mejority
af vatlable physico-chemical techniques. Reviews of work in this arca can
he donnd elsewhere (3,1, In addition, it now appears that Ca(NOBJ,
colations will become ifmportant solvents for electrochemical studies (5-7).
in this study in which Fabrv-Perot interferometry is employed, we are

[tmiting our attention to the sharp central depolarized Ravleigh component
wlroho e centorad at the laser frequency and which is attributable to moleon-
morearicontation of permanently anisotropic  species (8). The much broader

avd Tens amderstood Rovieigh wings,due to light scattering from induced




anisotropy,appear in our spectral recordings only as a flat background upon

which the central component is superimposed. From the wo ¢ of Prorvin (9),
conducted with rather low-resolution instrumentation, it was shown that the
central depolarized Rayleight component of aqueous nitrate solutions arises
larecly from rotational motion of highly anisotropic NOB_ anions.

turrently there is a great deal of interest being focused on the dependence
of the rotational reorientation time upon shear viscosity (10). 1In the
mirjority ot depolarized light scattering studies which were conducted on
pure, molecnla2y organic liquids and liquid mixtures, it has been found that
tor constant temperature experiments the rotational reorientation times could
be it to the following equation

T=0n +1 (1)

where o is the shear viscosity, C is a parameter (i.e., the degree of trans-
5
lation - rotation coupling) and 7, is the zero viscosity intercept; whereas,

for temperature dependence studies, the following equation was applicable (8)

R (2)
The experimental values of C or C' have been compared with the values
arrived at using the hydrodynamic model with both '"stick" and "slip" boundary
conditions. Stick boundaryv conditions were those utilized in deriving the

familiar Stokes-Einstein cquation

v
- s (3)
kT
where Vois the offective molecular volume of the rotating molecule which is
tennamed to be spherical and k is the Boltzman constant (11). The solvent
whoenles are assumed to "stick to" and rotate with the solute molecules.

"errin derived equations using stick boundary conditions which apply to




cither prolate or oblate ellipsoids (12). These cquations predict that the
froction coetficients, F, tor an cllipsoid will be greater than the friction
coctficients of a sphere of equal volume,fo; the difterence will depend upon
the ratio of the major axis, a, to the minor axis, b, of the cllipsoid. With

these modi Freattons Eyuation (3) becomes
I (1)

: t . . . . a, . .
the ratio (f ) is given graphically as a function of (%) in an article by
)]

Q
Pdward {(13Y. In general, the stick boundary conditions predict too high a

value of € or C‘; i.c., they predict too much friction. Tt should also be
noted that the hydrodynamic approxiwation is only strictly applicable to large
particles in a medium composed of small molecules. TFurthermore, neither
Fquations (3) or (4) allow for a non~zero intercept which has been found
eaperimentally in many cases (14-17). This non-zero intercept is not clearly
understood at present, but it is thought to be associated with incrtial effects.

I'n certain cases TO has heen found to be similar but generally slower than the

classical free rotator correlation time given by Bartoli and Litovitz (18},

Trr T (%?1»6’ 2 (lIT'F)E (5)
whero 1ois the moment of inertia.

When the hydrodynamic approximation is used with “slip" boundary conditions,
it is assamed that the resistance arises entirely from the fact that the non-
“pherieal object sweeps out a volume as it rotates or translates, thercby dis-
slacinn aocertain amount of fluid. Calculations using the slip wodel of
rotational diffusion for prolate and oblate ellipsoids have been reported by

fie and Twanzig (19) and for gencralized ellipsoids by Youngren and Acrivos (20).
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The stick boundary conditions appear to hold for large solute molecules.
ilowever, as the size of the solute molecules approach that of the solvent,
the ~lip conditions become more applicable. 1n the absence of strong solvent-
“olute interactions, the slip conditions also give better agreement with
eaperimental results (21). No comparisons have been reported for aqueous
sojutions.
1. LXPERIMENTAL

Details of the light scattering spectrometer are given elsewhere (1).

Measurements of the depolarized Rayleigh spectrum were made at a scattering
angle of 90°. In order to obtain the depolarized spectrum, the electric vector
ot the single longitudinal mode argon ion laser beam, oriented in the vertical
divection, was rotated 90° with a half-wave plate, preceding the sample and
fabricated for 5145 R radiation. A polarizing filter (Polarcid) with the
extinction ratio of 10_4, located in the path of the scattered light before
the Fabry-Perot interferometer, was oriented to pass only the vertically
potarized component. As pointed out by Rank et al. (22), this arrangement
climinates problems with polarization dependent optics. The setting of the
halt-wave pilate was cstablished with the aid of a Glan-Thompson polarizer
fextinction ratio 10‘3]. The alignment of the Polaroid sheet was made by set-
ting the incident beam for horizontal polarization with the half-wave plate
and then by rotating the Pelaroid until the intensity of the Ravleigh component
avising from the light elastically scattered by an aqueous suspension of polv-
“tyrene spheres was minimized.

ODetails of the sample preparation and analysis have been given in an
carficr publication (1). Bubbles were especially troublesome in these viscous

sotutions {23), and difficult to eliminate. Bubbles and dust were climinated

b, |




by thlrration through 0.1 j1 Nucleopore filters held in o1 Geflon holder. Pres-
sure to the fittrant was exerted by o piston filtration unlt (Creative Scien-
titic Fguipment Corporation of Lony Beach, California). Only those samplcs
which appeared free of Tyndall scattering to the cye in the high intensity argon
ton laser beam were employed in these studies. I1f the filtered solutions werce
Allowed to freeze and then remelted, bubbles would reappear.

The concentration range covered had an upper limit dictated by the diffi-
culty ot preparing a bubble-free solution; the lower limit was established by
the fact that the rotational motion became so rapid that the depolarized
Ravicigh component was extremely broad, crcating signal-to-noisc problems. The
remperature range was restricted at the high end (60°C) by the loss of water
and ot the low end by the fact that the rotational motion became so slow that
hroadening could not be measured.

O.verlap of depelarized components from adjacent orders can cause signifi-
cant uncertainty in placing the baseline which can in turr lead to errors in the
halt-width mecasurements. Overlap becomes more serious as the free spectral
ronve i decreased (2430 A free spectral range was emploved such that the
ohscrved halt-width was approximately 0.1-0.2 of a freec spectral range -

a procedure similar to that of Phillies and Kivelson (25). As a result., little
crrov is expected from the procedure of taking the zero as the minimum of the
ob=erved intensity curve, which occurred at a point midway between adjacent de-
nolarized Rayleight components. The instrumental linc shape was determined by
recording a polavized spectrum of light scattered etastically by an aqueous
polyvstyrene sphere suspension contained in a cell identical teo the sample cell.

This spectrum was immediately recorded before and after that of the sample in

svder te assess any effect of equipment instability. Since the whole sequence
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was completed within 13 to 15 minutes, drift and deterioration of fincsse did
not prove to be a problem. The spectra were always recorded at high sweep
rates with a very good Houston 2000 recorder so that linewidths could be
reitably amplified for easc of measurement. The depolarized linewidth was
often several times greater than the instrumental linewidth.

A number of spectra were analyzed with a Hewlett Packard (HP) 9835A
besktop computer. This necessitated first digitizing the instrumental and
depolarized spectra from the analog recordings with a HP 9874A digitizer or a
1P OR72A Digital Plotter if equal frequency intervals between points werce
required.  tn the course of this digitization the spectra were visually
smoothed.

The shear viscositics which were not available in the literature werc
determined by a calibrated Cannon-Ubbelohde viscometer.

IT1. RESULTS AND DISCUSSJON

A typical depolarized spectrum together with the corresponding polarized
spectrum and zero level are shown in Figure 1. As was mentioned earlier, the
Ravlcigh wings appear as a flat background, consisting of overlapping adjacent
spectral orders within the free spectral range emploved. No substructure
(i.c., no doublet} was obscrved in the central component, indicating that
scattering from the overdamped shear mode which couples to orientational fluc-
tuations is cither not occurring or not making a measurable contribution.

In Figurc 2, one of the depolarized components taken from Figure 1 has
been #F1t, using a nonlinear regression program, to a single Lorentzian plus a
baseline.  The sum of the squares of the residuals for th™ fit is 0.0095.

We would expect the NOZ_ ion, which has D3 svmmetry and which is an

k

ohiate eltipsoid, to give rise to a depolarized spectrum consisting of two




38

Lorentzians (26). The moment of inertia about the LS axis is 1.19 x 107
$ cm: while the two cqual moments of inertia about the axes which lie in the
planc of the atoms and which are perpendicular to the C3 axis are one half
this value. The fact that the depolarized spectrum can be fit to a single
lorentzian implies that rotation about these latter two axes gives rise to
the depolarized spectrum.  Rotation about the C3 axis does not affect the
depoiarized Rayleigh linewidth, since the polarizability of the NOS- ion is
isotropic about this axis.

In Figure 3 the instrumental profile has also been fitted to a single
Lorentzian. The sum of the squares of the residuals in this casc is 0.048.
Others have been able to fit their instrumental profile to a single Lorentzian
funcrion (27). This instrumental response function is a convolution of the
laser profile and the interferometer profile, and, as shown by Leidecker and
LaMacchia (28), it is in general best approximated by a Voigt function, which
is characterized by a Lorentzian and a Gaussian part. In several studies a
ratio of the Lorentzian fraction to the Caussian fraction of about 0.5 has
been reported (28, 29). The Gaussian contribution can result in the instru-
mental profile having wings slightly more compressed than that of a pure
Loventzian.  Any misalignment of the interferometer and/or the pinhole pre-
coding the photomultiplier will distort the instrumental profile so that it
can no longer be approximated by a Voigt function. This instrumental profile
is folded with the actual distribution of the scatterced light to produce the
experimentally measured spectrum.

In view of the finding that the depolarized and instrumental profiles were

vlosely desceribed by Lorentzian functions, a good approximation to the

depolarized Ravlceigh semi-halfwidth with instrumental broadening removed, T,




wis obtained by subtracting the instrumental semi-halfwidth from the recorded
Jepolarized Rayleigh semi-halfwidth. A further refinement to the valuc of T
wis made to account for the departure of the instrumental function from purce
lLorentzian character due to the reasons cited above. This was accomplished

by making use of the procedure (as well as a BASIC version of the exact pro-
aramy described by Pine {30). This procedure entails convoluting generalized
Lorentzian functions with the digitized instrumental profile until a match is
abtained between the semi-halfwidth of the convoluted spectrum and that of the
recorded spectrum. The computer generated values were an average of 6% greater
than the Lorentzian semi-halfwidths obtained by straightforward subtraction.
Pinc (30) found a 10% difference, but he was dealing with Brillouin components
of the polarized spectrun where component overlap resnlts in a greater back-
ground subtraction error than encountered here with the depolarized spectrum.
Since the spectra reported on here were obtained in the form of analog record-
ings and not all were suitable for computer analysis, the 6% correction factor
was applicd uniformly.

Considering the many possible sources of error in determining T, which
include spectral noise, interferometer instability, errors in placing the
bascline, errors in the above outlined deconvolution procedure, temperaturc
and tree spectral range uncertainties, as well as possible contributions from
stray light and leakage of the polarized spectrum, an overall error in T is
difficult to estimate. A conservative estimate would place this error some-
where between + 5% and + 10%.

Iling these values of T, corrected for instrumental broadening, the rota-

tional relaxation time, T, was computed from the formula

]

1 = i
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The values of T, along with the required values of the shear viscosity ngs
appear in Tables 1 and 2.

In Figure 4, Arrhenius plots for the Ca(NO solutions and Zn(NO

302 P2 70
H20 solution are depicted. The data for all the solutions except the
Ca(NOS)2 - 3.91 HZO could be least squares fitted to straight lines. The
parameters for these lines are given in Table 3. Also given in Table 3 is
the apparent activation energy Ea for rotation which appears in the equation

T =1 exp (E_/RT) (7N

where To is a constant, R is the gas constant, and T is the absolute tempera-
ture.
The activation energy for nitrate rotation, as can be seen, is very

similar for Ca(NOS)7 * 4.0 HZO and Zn(NOS)2 - 5.0 HZO' However, the acti-

vation energies for the Ca(Nos)2 solutions show a fairly significant change

in going from 5 H,0 to 4 H,0. This could be due to a structural change. One

2
possibility is the rearrangement of the coordination sphere of the cation;
for example, the transition from one nitrate to two nitrates. On the basis
of vibrational spectroscopic data, it has been inferred that contact ion
pairs between Zn+2 and NOS‘ are formed when the water-to-salt ratio, X,
drops below 6 (31). Using the same vd (E') band splitting criterion, Ca+2

3 when X < 6 (32).

The range of temperature as well as viscosity covered by the measurements

forms 1inner-sphere complexes with NO

for Ca(NO 3.9 H,O is greater than for any of the other liquids studied,

32 2

consequently the non-linear behavior in Figure 4 is not at all surprising.
In fact, this same non-linear behavior would be expected for the other
solutions as well if the temperature range were extended. Our

measurements for Ca(NO 3.91 H,O0 have entered the upper end of the

3)2
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cupercooled vegion. Since the three parameter Vogel-Tamman-Fulcher equation
has been used extensively in fitting the transport properties of various

hydrate melts (33), it was selected for fitting the Ca(N03)2 - 3.91 “20 data.

In terms of 1, this equation can be expressed as

T = AT Jexp (T-$ ) (8)
o)

where A, B, and TO are parameters. The parameter T0 has been given physical
sipnificance by the free volume theory of Cohen and Turnbull whercby T“ is
the "ideal' glass transition temperature at which the frec volume of the
liquid disappears and liquid transport becomes impossible (34). In the alternate
thcory of Adams and Cibbs (35) TO is the temperature at which the configurational
entropy of the supercooled liquid becomes zero.

The experimental values of T were non-linear least squares fitted to
the logarithmic form of the preceding equation, namely

1 B

() - N
3303 (T_TO) slog T+ C (9)

log T =

where C = log A. The fitted values are B = 438.59°K, C

- 2214, and T =
)
203.75°K. A plot of log T + % log T is shown in Figure 5. (he expected
straight linge shows the goodness of the fit. This value of To is quite
reasonable, considering that Moynihan (36) has determined a value of 205°K

for Ca(NO 4 H,O0 from shear viscosity data., Angell and Moynihan, how-

32 2

cver, have pointed out that in order to obtain precise values of TO and B,

the transport data must cxtend over several orders of magnitude (33).

Angell and Moynihan also have reported that the composition studies

; ot Cu(N03)2 - X ”20 (X = 4 to 7} yield results consistent with the B for

cquivalent conductance of 590°K and the B for shear viscosity of 690°K (33).

10




In the case of Ca(N03)2 <4 HZO the mean activation energy for shear viscosity
n.» evialuated over the range of 25° - 70°C, is approximately 10.6 Kcal/mole (37).
Clearly, the barriers to migration and viscous flow in these liquids are

greater than for rotational motion of the NOS' ion. In the Raman spectroscopic
study of the rotation motion of the NO3— ion in monovalent nitrate melts by
Ponvatenko and Radchenko (38), the cnergy of activation was also found to be

less than that for visous flow. This was interpreted to mean that the rota-
tional motion of a NOs— ion in nitratc melts can be represented in the form of

rotational oscillations relative to an equilibrium position, accompaniecd by

occasional turns with a change in orientation. An extensive analysis of the

activation energics of translation determined from NMR measurements, Etrans’

with those of rotational Erot' and viscous flow, E_ /T, of organic liquids

“ i

(39) indicated that E = E /T~E , revealing that the viscosity of a
trans = rot i
liquid depends to a larger extent on the frequency of the translational, rather
than orientational, jumps of molccules.
As has already been mentioned, the actual relationship between the rota-

tional reorientation time T and the shear viscosity is of special interest. In ;

this regard two different types of plots have been made. First in Figures

6 and 7, T is plotted versus nS for Cu(NOSJZ - X HZO at 40°C and Zn (NOS)Z .
X HJO at 50°C, respectively. In both cuases the rotational reorientation time
T varied due to a variation in water concentration; that is, the solute -
solvent ratio with the nitrate ion being considered the solute were varied.

The values of n, for Figure 5 were taken from the data by Bak (40). Notice

in Table 1 that the three experimental values of n, for Ca(NOz)q -4 H20

which were determined by different investigators do not agree. The values of

n_ for the Zn(NO_é)2 solutions which were used in Figure 6 were determined in

g
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this study. Both of these plots have been fitted to straight lines with non-
sero intercepts. The equations for these straight lines are given in Table 3.

In the second type of plot, which is shown in Figure 7, T is plotted as a
tunction of nS/T for Ca(N03)2 -4 H20. Again a linear dependence is found.

In this case, however, the composition, i.e. X, is fixed and the variation of
U oand ng with temperature is considered. It should be noted that the shear
viscosity values employed in Figure 7 are those of Moynihan (36). The parame-
ters obtained by linear regression analysis appear in Table 3.

Comparisons between the experimental slopes Cexp of Figures 5 and 6 and
the slopes calculated using stick and slip boundary conditions are given in
Table 4. Also given 1in Table 4 is a comparison between the experimental
' obtained from Figure 7 and the values calculated again using stick and
slip boundary conditions. It is apparent from equations 1, 2 and 4 that

- v [t
Cstick = T (fo) (10)

Values of V = 25 R3 and (a/b) = 0.48 were employed in these calculations.
These values were based on the disk-like model of the nitrate ion proposed by
Janz and James (41,42). From the a/b ratio and the paper by Edwards (13), it
follows that f/f0 = 1.04.

quip can be calculated using the equation

- _ AV
slip 80x{\ykT (11)
. . ] =
while csh,p Csli.pT (12)

where A is a slip friction coefficient and Py and Oy are ellipsoid axial ratios

which are defined as the ratio of the given axis to the longest axis. Again

using the dimensions specified by Janz and James (41,42), px 0.48 and pv =1,

Using either reference 19 or 20, a friction coefficient of A = 1.28 is obtained.

12




An alternate way is to use available tabulated values ot C 19) .

/.
qllr (L'l ick

For an oblate ellipsoid of axial ratio 0.48, one obtaines Cslip/Cstick .

AR}

N.?9. Using the values of Cstick or (stick’

it is an easy matter to compute

\]
Cslip ot Cslip'
Table 4 reveals that stick boundary conditions result in a value of

C or C' which is too high. This prediction of too much friction has been the

general finding for stick boundary conditons. The slip boundary conditions,
however, underestimate C or C', and consequently the friction coefficient

and Cs for Ca(NO3)2

stick

X HZO and Zn(N03)2 X H20 are very similar; even this difference could be

as well. The ratios between the Cexp and C lip
attributed to experimental error and uncertainties in the values of ns. The
stick boundary conditions appear to be more applicable in these two cases.
However, the slip boundary conditions yield a value far closer to Cexp for

' the Ca(NO3)2 - 4 H20 experiment in which the temperature was varied.

An explanation for these conflicting findings is not completely apparent.

In the first type of experiment in which X was varied at constant tempera-
ture, the pair correlations are expected to vary considerably more than in
the constant temperature experiment for Ca(N03)2 - 4 HZO' Perhaps stick
boundary conditions are able to account for these changes in pair correla-
tions more effectively than slip boundary conditions, while slip boundary

conditions are more applicable for constant composition in which the

temperature is varied and in which pair correlations play less of a role.

In any event, it can be concluded that the ‘“%h rotation is under viscous
control and the experimental values of C or C' lie between the values pre-
dicted by the stick and slip boundary conditions.

13 ;




Moynihan and Angell (43) have interpreted their results on the chrono-
potentiometric diffusion coefficients of Ag+, Tl+, and Cd+2 ions in molten
HR(N03>2 4 HZO in terms of the Stokes-Einstein equation. It was found
that for a given value of N there exist a correlation betweem the diffusion
cocf{icient and ionic radius. At a given temperature the agreement between
the observed and calculated diffusion coefficients for Ag+, Tl+4, and Cd(H20)4+2
were fairly good. Unfortunately, the quality of this comparison is questionable
fn view of the criticism by Lovering (44), who contends that Moynihsn and Angell
did not collect their data under strict diffusion control.

It is also interesting to note that the value of the free rotator correla-
tion time for the N0; ion, calculated using equation (5), is 2.5X10—13 sec.
This value is considerably shorter than the intercept values which were found
in this study. (Refer to Table 3).

A comparison between the values of T for Ca(N03)2 - 5.0 H20 and Zn(NO3)2

5.0 HZU at 50°C reveals that rotational motion is 1.6 times slower in
Ca(N()3)2 than the corresponding Zn(N03)2 solution, even though the value of Ea
is 5.6 Kcal/mole for the Ca(N03)2 solution and 8.3 Kcal/mole for the Zn(NO3)2
sclution. This can be explained on the basis of the higher viscosity for the
Cu(N03)2 solution and remembering that nitrate rotation is under viscous control.
The higher viscosity of the Ca(NO3)2 solution can in turn be accounted for by
the more ionic nature of the Ca+2 - N0; bonds.

In our analysis we have neglected the effects of orientational pair
correlations. We have assumed that the broadening of the depolarized Rayleigh
comporent was entirely attributable to single anion reorientation; i.e., we
have employed the single-particle Brownian rotational diffusion picture.

Rayleigh scattering is a coherent process so the depolarized spectrum contains
information about correlated molecular reorientation. One method of gaining

additional insight into the pair interactions is to compare the results of

14




Raman and depolarized Rayleigh scattering. Raman scattering is an inco-
herent process, and the width of the Raman band is determined only by
vibrational and reorientational relaxations of single molecules (45). An
alternate approach is to compare the NMR reorientational correlation time
(which is also a single molecule relaxation time) with the results of

depolarized light scattering (46). Such experiments are now in progress.

15
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Fig. 4 Arrhenius plots for Ca(N03)2 * X H,0 and
Zn(NO:,’)2 - 5.0 H20
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Fig. 5. Vogel-Tammann-Fulcher plot for Ca(N03)2 .
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Fig. 6. Rotational relaxation time versus shear vis-
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- X H20 at 40°C.
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Fig. 7. Rotational relaxation time versus shear vis-
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TABLE 1. Experimental Data for Ca(NO3)2 .

X t(°C)
3.91 5

15

25

40

50

60

4.0 25
30
40

50

30
40
50
60

20
30
40
60

*hotermined from log 1 vs. 1/T plot

T X 10

.3

.65
.45
.76
.53
.40

D O O ~= N owvm

<

.99
0.80
0.51%*

.62
.38
.26
.20
.17

o O O o C©

.64
47
.32
.22
.14

0
0
0
0
0
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9

(s)

X H20

g (poise)

.85
.03
.101
.062
.819
.669

S O = = NN

0.365

0.198

(40)

(36)
(36)
(36)
(47)
(40)
(36)

(40)

(40)

"




o

[T

TABLE 2.

t(°C)

50

40
50
55
60.5
66

50

50

T X 10

1.87

.27
.24
.17
.91
.80

o O = = N

1.07

0.75

-26-

10

Experimental Data for Zn(NO3)2 - X

(s)

H20

ng (poise)

0.31

0.18

0.12

0.06




TABLE 3

Solution Least Squares Line

Figure 4

Cn(N03)2 -4 0 HZU log t = 1770(1/T)-14.94
Ca(N03)? "5 0 H,0 log T = 1233(1/T)-13.50
ca(Noy), -5 6 Hy0 log T = 1280(1/T)-13.71
Zn(NO), -5 0 H,0 log T = 1825(1/T)-15.50
Figure 6
. -10
ca(NO_ ). - X 1.0 T=(4.95% 10 ) n
372 2 11 s
4+ 9.70 x 10
Figure 7
Zn(R0_). X H.0 T = (4.39 x 10710 n
372 2 s
+4.97 x 10711
ligure 8
ca(NO.), -4-0 1,0 T = (8.54 x 10_8) n /T
32 2 -10 s
+1.96 x 10
%

n

1f ¥y, y,; are the values of the independent and dependent variables,

respectively, measured in the course of the experiment and y, = b + b x,
i 0 i7q

*Standard Error
of Estimate

is the fitted equation where bn and bT are parameters, then the

error ~f the estimate is equal to the expression

[Tyi --(bo + blyi)if

n - 2

> number of experimental points.

-27-

standard

Ea(Kcal/
mole)

5.6
5.8

8.3




Solut ion

(:..(Nn,;);, « X HO
1= 40°C

n(NOL)., - X B0
T = 50°

(:1(?\()})2 -4 HZO

TABLL. 4

C
exp

XlOlos/poise

4.95

4.39

‘exp
[+]
x108 3_K_
poise

8.54

-28-
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Cstick Cslip
XlOlOS/poise XlOlos/poise
6.01 1.50
5.83 1.46

1 1
Cstick Colip
8 s °K 8 s °K
X10 poise X10 poise
18.8 5.45
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